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For policymakers in the area of integrated solid waste management (ISWM) 
planning, it is important and extremely helpful to have a decision support tool that 
helps to understand the processes and factors guiding system behaviour and 
observed phenomena. This model should include social behaviour model 
explaining individual’s motivation in environmental behaviour but also macro 
processes such as that of waste flow and processing systems as well as measure 
the overall environmental impact. Consequently, such a model can help to identify 
effective leverage points and provide a platform to discuss policies taking into 
account environmental, economic, and social aspects. This thesis develops a 
hybrid modelling approach built upon classical system dynamics methodology to 
derive a simulation model that can be used as such a decision support tool. The 
methodology is applied to model a case study, ISWM Singapore and scenarios 
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Chapter 1: Introduction 
1.1 Background 
Confronted with global climate changes and a rapid expansion in population, 
modern cities of today have the challenge of tackling ever increasing loads of 
solid waste in an environmentally sustainable way. Waste when not handled 
appropriately is not simply an unpalatable sight, but can also pose serious health 
hazards. This is especially so in cities where waste output is high and people live 
in close proximity. Solid waste management is thus a critical issue that requires 
policy makers to take a long term systems view in order to come up with effective 
solutions. Landfills and incineration methods are currently the two most popular 
methods that mega cities adopt to handle large volumes of waste. However, 
relying on these methods is insufficient in the long run to cope with ever 
increasing material consumption and rapidly expanding populations. Landfills 
will start filling up and the need for ever increasing capacity for incineration is not 
just costly in monetary terms but also in the increasing severity of the emission of 
greenhouse gases. The incorporation of alternative technologies in waste 
management such as composting and anaerobic digesting should be used to 
mitigate the amount of emissions by the solid waste management system. 
A successful Integrated Solid Waste Management System (ISWM), which is 
defined as a comprehensive waste prevention, recycling, composting and disposal 
program. [US Environment Protection Agency, 2002], not only encompasses the 
above technical challenges, but also understanding and modifying social behavior 
regarding waste. The aggregated behavior of every individual thus forms the basis 
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of a sustainable waste management of a city. These behaviors affect critical 
components such as waste generation (consumption habits) to waste disposal. 
Personal as well as situational factors have been identified by researchers to 
explain the motivation behind these behaviors. A good understanding of these 
factors will thus enable to drive social behavior to a more environmentally 
sustainable one. 
 
Figure 1.1 ISWM as a Socio-Technical System 
In light of the two main challenges identified, namely, technical and socio-
cultural, policy makers of city planning today are therefore in charge of planning 
not just the infrastructural foundation of solid waste management but also the 
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at hand can therefore be formulated as a large-scale socio-technical systems 
engineering problem.  
Figure 1.1 illustrates the integrative conceptualization that captures the 
aforementioned fact that waste management is not simply technical management 
but as well as social behavior management, especially in the area of waste 
generation and waste separation, which lies right at the top of this socio-technical 
system. 
1.2 Problem Statement 
The scale and complexity of an ISWM call for a systems engineering approach 
[Soderman, 2003]. This will enable the delivery of well-considered policies that 
puts waste management on the track of sustainable development.  
Underscoring large scale systems engineering is systems thinking, the process of 
understanding how things influence each other within a whole. It is a framework 
for seeing interrelationships rather than individual parts and for seeing patterns of 
change rather than static snapshots or events [Senge, 1990]. Systems thinking 
facilitates the understanding of large scale complex systems. System Dynamics is 
one tool to apply systems thinking. 
The System Dynamics Society defines System Dynamics as a methodology for 
studying and managing complex feedback systems, such as those in business, 
economy and other social systems [Forrester, 1961]. System dynamics models are 
not immune from forecast inaccuracies and potential misuses in decisions. 
However, the main utility of such models is not precision forecasting, but for 
understanding and learning system structure and policy design. According to 
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Sterman [2000], the purpose of modelling is to eliminate problems by changing 
the underlying structure of the system. The development of causal and simulation 
models can be done through systems thinking [Senge, 1990; Anderson et al., 
1997] and system dynamics methodology [Forrester, 1961; Sterman 2000]. 
System Dynamics by itself however is unable to capture adequately all the critical 
components of a large scale socio-technical system. Some of these components 
are: 
1. Capturing aggregate social behaviour such as that of recycling behaviour  
2. Emissions accounting which provide us with a metric system on the 
environmental front to compare planning scenarios.  
Agent based modelling offers a superior capability of modelling aggregate social 
behaviour due to its “bottom-up” approach as compared to the “top-down” 
approach of system dynamics. A primary reason is that the system dynamics 
framework drives users to make models at the macro structure level, which is not 
particularly suited for modelling aggregate social behaviour. In contrast, agent 
based modelling paradigm does not assume macro-structure, but simulates and 
observes and emergent aggregate behaviour from micro-decision of semi-
autonomous individual agents. These agents have heterogeneous preferences and 
goals as well as relationships amongst themselves, thus offering a more complete 
picture of the emergent macro behaviour that we seek [Pourdehnad et al, 2002] 
In the aspect of emissions accounting , Life-Cycle Assessment  provides a well-
established framework for calculating the global warming potential of waste 
treatment processes. [Khoo et al, 2010] 
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An integration of such methodologies would thus be ideal to capture all the salient 
features of an ISWM. However more often than not, the modeller needs to resort 
to combining multiple simulation platforms for the different methodologies. This 
has proved to steepen the learning curve for any modeller as it is often technically 
difficult to pass information around software platforms and allow concurrent 
simulation. 
With the above issues in mind, this thesis thus seeks to construct a simulation 
model to aid in the planning of ISWMs through a hybrid modelling approach, 
whilst keeping the modelling effort confined to a single software platform. 
1.3 Objectives 
For policymakers in the area of ISWM planning, it is important and extremely 
helpful to have a decision support tool that helps to understand the processes and 
factors guiding system behaviour and observed phenomena. This model should 
include social behaviour model explaining individual’s motivation in 
environmental behaviour and also macro processes such as that of waste flow and 
processing systems. A measure of the overall environmental impact should also be 
encompassed. Consequently, such a model can help to identify effective leverage 
points and provide a platform to discuss policies that takes into account 
environmental, economic, and social aspects. 
 
In summary, this thesis seeks to construct an ISWM decision support tool in the 




1.4 Research Methodology 
A literature review was conducted to determine the present situation in modeling 
of ISWM’s and the various insights derived to solve the problems concerned with 
waste management. Research on methodologies such as system dynamics, agent 
based modeling; fuzzy expert systems and life cycle assessment is also reviewed. 
A simulation model is then developed using an enriched system dynamics 
methodology to simulate the environmental impacts of policy options on several 
aspects of ISWM, namely: 
1. Reducing waste generation rates 
2. Encouraging recycling/waste separation behavior 
3. Allocation of waste to the different waste processing technologies 
The enriched systems methodology is achieved through a hybrid modeling 
approach as depicted in Figure 1.2. 
 











Here, we present some definitions of the methodologies incorporated into the 
system dynamics framework. 
Agent Based Models 
Agent-based models (ABM) are computational models in which a large numbers 
of interacting agents (individuals, households, firms, and regulators, for example) 
are endowed with behavioral rules that map environmental cues onto actions. 
Such models are capable of generating complex dynamics even with simple 
behavioral rules because the interaction structure can give rise to emergent 
properties that could not possibly be deduced by examining the rules themselves. 
Fuzzy Inference System 
Fuzzy inference systems (FIS) are one of the most famous applications of fuzzy 
logic and fuzzy sets theory. They can be helpful to achieve classification tasks, 
offline process simulation and diagnosis, online decision support tools and 
process control. The strength of FIS relies on their ability to handle linguistic 
concepts. These FIS contain fuzzy rules built from expert knowledge and they are 
called fuzzy expert systems or fuzzy controllers, depending on their final use. 
Prior to FIS, expert knowledge was already used to build expert systems for 
simulation purposes. These expert systems were based on classical boolean logic 
and were not well suited to managing the progressiveness in the underlying 
process phenomena. Fuzzy logic allows gradual rules to be introduced into expert 
knowledge based simulators. It also points out the limitations of human 
knowledge, particularly the difficulties in formalizing interactions in complex 
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processes. This kind of FIS offers a high semantic level and a good generalization 
capability. 
Life-Cycle Assessment 
A life cycle assessment (LCA) is a framework to assess environmental impacts 
associated with all stages of a production or processing method. In recent years, 
LCA is seen as an emerging tool to measure and compare the environmental 
impacts of human activities as it allows the identification and quantification of the 
potential environmental impacts of different technologies [Khoo et al, 2009]. The 
high-level steps of an LCA involve constructing a Life Cycle Inventory followed 
by a selection of impact categories. Scenarios are then constructed and normalized 
to allow for comparison. 
1.5 Organization of Thesis 
The thesis consists of seven chapters. The outline of the chapters is as follows: 
Chapter 1 serves as an introductory text to the research project. The background 
related to the research study is first described. Next, the related problem being 
studied is stated. The objectives of the research project are then articulated. Lastly, 
the organization of the thesis is outlined to inform the reader of the topics covered 
in the following chapters. 
In Chapter 2, a specific case scenario of an ISWM (Singapore) is described, 
providing technical and socioeconomic details of the system we are going to 
model. Following which, a dynamic hypothesis is proposed through the use of 
causal loop diagramming.  
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In Chapter 3, a literature review of past related research works on the modeling of 
ISWM’s and its related impacts are conducted. A wide variety of methodologies 
are explored. Lastly, some hybrid modeling approaches are reviewed. 
Chapter 4 presents the modeling methodology developed in this research. 
Example problems are used to illustrate the modeling process. The end of the 
chapter elaborates on how these methodologies can be applied and integrated to 
modeling ISWMs. 
Chapter 5 deals with the building of a prototype model using a system dynamics 
approach. A simulation model based on the context described in Chapter 2 is built 
using the hybrid methodologies laid out in Chapter 3. Some reference modes are 
chosen and validated against simulation results at the end of the chapter. 
In Chapter 6, the dynamic hypothesis is validated by the comparison of the results 
generated by the prototype model and historical data. After this, future planning 
scenarios are built and analysis and discussion are carried out. Policy insights are 
also examined. 
Chapter 7 presents a conclusion to the research project. A summary of the 
research objectives (Section 1.3), the activities carried out and the results obtained 
are provided. The limitations faced by the study are discussed. Then, contributions 
made by the research project are noted. Lastly, further research work pertaining to 





Chapter 2: System Dynamics of ISWM: A 
Case of Singapore 
In this chapter, we shall describe a specific case scenario of an Integrated Solid 
Waste Management system of Singapore. From this, we then form a dynamic 
hypothesis about the ISWM. These will then allow us to derive a simulation 
model that will enable us to achieve the research objectives set out (Section 1.3). 
2.1 Background of ISWM Singapore 
The small island city state of Singapore is located at the southern tip of the 
Malayan peninsula. The main island, together with 57 small islands within the 
sovereignty, measures 137 kilometres north of the equator. The current population 
is 5.183 million people [Singstats, 2011]. With just 682 square kilometers of land 
and thus one of the highest population density per square kilometer, Singapore has 
a severe land scarcity problem. 
Before 1979, solid waste in Singapore was disposed of by landfill dumping. 
However, as development accelerated and intensified the land shortage problem, 
the authorities resorted to incineration methods. Although incineration as a waste 
disposal method costs 6 – 7 times more than simply landfilling, the process 
reduces the volume of waste by 90% and weight by 80%. This is thus a preferred 
method for Singapore, who cannot spare more land for open dumping. [Foo, 
1997]. To date, Singapore has 4 incinerator plants at Ulu Pandan, Tuas, Senoko, 




Despite such radical improvements, the amount of solid waste generation in 
Singapore has been steadily increasing with increasing affluence and changing 
lifestyles. From 1,260 tons in 1970 to 7,600 tons in 2000, this is a six-fold 
increase in three decades of the solid waste disposed in Singapore. The total 
amount of waste collected in the year 2001 was 2.8 million tons with domestic 
refuse accounting for 49% of the refuse originated and non-domestic refuse from 
industrial premises and institutions accounting for the other 51%. This statistic 
translates into 0.93 kilograms of domestic waste generated per Singaporean per 
day. [National Environment Agency, 2011] The incinerator plants at Ulu Pandan, 
Tuas, and Senoko are reaching their designed capacities. Singapore opened a new 
landfill, Semakau Landfill, in 1999 at an estimated construction cost of S$1.2 
billion [Foo, 1997]. If the amount of solid waste in Singapore is allowed to grow 
in the trend projected from the current amount of solid waste generated, it is 
estimated that Singapore will need a new incineration plant every five-seven years 
and a new landfill site every thirty years [Ministry of Environment, 2001]. This is 
expensive and unsustainable for several reasons: 
1. Extremely high costs of construction and maintenance of new incinerator 
plants (Estimated costs of S$1.2 Billion per new plant [Foo, 1997] ) which 
will have to be borne by public finances.  
2. Highly pollutive nature of incinerators, releasing large amounts of toxins 
and greenhouse gases [ GAIA, 2003 ] ( Detailed emissions levels provided 
in Table 5.7 ) 
In 1991, the Ministry of Environment of Singapore set up a Waste Minimisation 
Unit to spearhead waste minimisation and recycling in Singapore. By February 
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1992, the unit was upgraded to departmental level with a new name called the 
Waste Minimisation Department (WMD) to emphasise Singapore’s commitment 
to promote a more sustainable waste management strategy. The function of WMD 
was to develop, promote, and oversee the implementation of programmes on 
waste minimisation and recycling in all sectors of the community. In November 
1990, a three-month pilot project on the segregation and recovery of waste paper 
and plastics from household waste was launched in three housing estates of 
different income strata. The objective of the project was to gauge the response of 
the public towards recycling of household waste. [Foo, 1997] 
A questionnaire survey revealed that 96% of the residents in the pilot project were 
supportive of the new recycling scheme and participated in it at least once. After 
the pilot project in 1990, recycling schemes were started in other public and 
private housing estates. While initial participation rates from residents in pilot 
recycling schemes were good, a long term study conducted for one of the housing 
estates 2 years after the initiation of a recycling project showed unsustainable 
participation rate after the initial excitement of the new scheme had died down. 
Only 9% of the respondents practised regular recycling while 11% recycled 
“some of the time”. 64% recycled once in a while during certain special events 
like Singapore’s annual Clean and Green campaign while 16% did not recycle at 
all. [Foo, 1997] 
Table 4.1 shows the waste composition and recycling rates for each waste 
category for the year 2010. Here, we can make the following observations and 
focus our study in the most effective way. 
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 For paper/cardboard, food and plastics, the recycling rates are 53, 16 and 
11 percent respectively. These categories have relatively low recycling 
rates as compared to the other waste streams. The main contributors of 
these categories is the domestic household , hence waste recycling and 
separation behavior would be a significant leverage point in improving the 
current state of ISWM 
 The three groups also make up 42 percent of the total waste generated and 
thus play a huge impact if there are significant improvements in recycling 
rates. 
 Recycling rates for other major groups of waste streams such as 
construction, slag and metal have achieved near 100 percent recycling rate.  
From the preceding observations, we shall focus our modeling efforts towards 











Table 2.1 Waste Composition and Recycling Rates Singapore 2010 












Food Waste 538,100 102,400 640,500 9.8% 16% 
Paper/Cardboard 645,700 738,200 1,383,900 21.2% 53% 
Plastics 662,300 78,100 740,400 11.4% 11% 
Construction 
Debris 9,400 912,400 921,800 14.1% 99% 
Wood/Timber 80,000 190,000 270,000 4.1% 70% 
Horticultural 
Waste 151,800 99,200 251,000 3.9% 40% 
Ferrous Metal 67,100 1,127,500 1,194,600 18.3% 94% 
Non-ferrous 
Metals 12,400 73,100 85,500 1.3% 85% 
Used Slag 3,800 378,900 382,700 5.9% 99% 
Sludge 114,400 0 114,400 1.8% 0% 
Glass 60,700 19,200 79,900 1.2% 24% 
Textile/Leather 106,200 14,700 120,900 1.9% 12% 
Scrap Tyres 4,000 20,000 24,000 0.4% 83% 
Others  303,600 3,800 307,400 4.7% 1% 
Total: 2,759,500 3,757,500 6,517,000 100% 58% 
 
2.2 Waste Treatment Technologies of Singapore 
Incineration 
Incineration or waste-to-energy (WTE) has been employed widely to generate 
energy from waste materials, as well as to reduce the volume of waste 
substantially. Incineration is a well established technology that involves the 
combustion and conversion of solid waste into heat and energy [McDougall and 
Hruska, 2000]. Singapore's four incinerators are Ulu Pandan, Tuas, Senoko and 
Tuas South. A typical incinerator requires the energy input of 70 kWh/ton waste 




Anaerobic Digesting and Composting 
Recycling of food waste is carried out by a Singapore-based company IUT Global 
Pte. Ltd. [IUT Global, 2006] using anaerobic digestion (AD) method followed by 
bio-composting. Anaerobic digestion is a series of processes in which 
microorganisms break down biodegradable material in the absence of oxygen 
[IUT Global, 2006]. The main product, bio-gas, from the AD process is 
transferred into gas engines to generate electricity, which is then sold to the 
national grid. An additional step in the process converts the residues from the 
anaerobic digester, or digestate material, into bio-compost. The composting 
process involves the use of microorganisms to break down the residues in the 
presence of oxygen, thus avoiding the production of methane. The bio-compost 
material can be used as a replacement of mineral fertilizers. From the compost 
products, carbon dioxide savings can be achieved by the avoided production of 
the mineral fertilizers [Schleiss et al., 2008]. The nutrient contents of the bio-
compost are assumed to be 0.0076 kg N and 0.0011 kg P per kg for digested 
matter by AD process [Finnveden et al., 2000]. The waste food recycling process 
by IUT Global is separated into two phases, each with similar AD processes but 
different capacities. The present Phase I recycling has an installed capacity of 3.5 
MW power and treats 300 tons of foodwaste per day. From here, the digestate 
material is sent to composting plant I to produce bio-compost. Phase II has an 
installed capacity of 6 MW power and treats 500 tons of food waste per day; 
digestate from Phase II is sent to composting plant II [CDM, Clean Development 
Mechanism, 2006]. The combined capacities of phases I and II can achieve 800 
tpd (tons per day) food waste recycling for the whole of Singapore. The recycling 
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of food waste into electrical energy and compost is IUT Global's solution to 
reduce the amount of food waste entering incineration plants, and at the same time 
earn carbon credits from reduced greenhouse gas emissions [CDM, Clean 
Development Mechanism, 2006]. 
2.3 Dynamic Hypothesis of ISWM Singapore 
In this section, we shall make use of causal loop diagramming to form a dynamic 
hypothesis of the structure of solid waste management system in Singapore. 
Causal Loop diagrams are composed of the linkages among variables. A linkage 
is referred to as a cause and effect relationship between two variables. This 
linkage could represent either a reinforcing relationship or a weakening 
relationship between variables. The arrows between the variables stand for their 
connections. Those arrows with “+” on the tip stand for the positive reinforcing 
connections between the two variables; this indicates that the two variables will 
change in the same direction. Similarly, those arrows with “-” on the tip mean the 
two variables that are connected will change in opposite directions. 
An overview of the entire system conceptualized is laid out in Figure 2.1. With 





Figure 2.1 Overview of ISWM Singapore 
Figure 2.2 shows the overall causal loop analysis of ISWM Singapore. Here, the 
waste problem has been driven by a strong growth in population and rising 
affluence. Hence, the stress on the system is mainly exerted by these two factors 
of Population and Affluence. The total amount of waste generated can then be 
categorized into waste that has been separated for use in recycling (for food waste, 
digesting and composting) or not separated, which would then be sent to one of 


























Figure 2.2: Causal Loop Diagram for ISWM Singapore 
Increased Amount of Waste Unseparated increases the demand for Amount of 
Incineration and Amount of Landfilling. Incineration creates ash which has to be 
sent to landfills if no recycling methods are available to convert the incineration 
ash to useful products. 
Required Expansion of Incineration Capacity incurs capital costs which in turns 
increase the Costs of Disposal. In the event that our landfill runs out, Required 
Landfill Expansion increases and we might have to turn to other offshore islands 
or even ship the waste to neighbouring countries which have spare landfill 
capacity at an extra charge. This again contributes to the overall cost of our waste 
management systems. 
Incineration of waste is also not an environmentally friendly form of waste 
management. Even though incineration converts the heat energy to electricity 
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such that we can save some emissions from electricity generation, the net 
Emissions is still a largely pollutive one.  
In the causal loop analysis, we have identified two loops that can enable the 
system to reverse the problems caused by rising waste loads. The two balancing 
loops are the Waste Recycling Loop and Waste Reduction Loop. 
In the Waste Recycling Loop, an increasing Environmental Impact will induce a 
greater urgency for us to divert more waste from the incineration waste processing 
stream and into the waste recycling sector. The building of Waste Recycling 
Infrastructure will then in turn increase the amount of waste separation instead of 
direct incineration. Profits From Waste Recycling will also improve the recycling 
infrastructure, forming a reinforcing loop for waste recycling. 
In the Waste Reduction Loop, higher capital costs in incineration and landfill 
naturally translates into higher disposal costs. If the relevant agencies pass on the 
rising costs to residents and impose a progressive tax on the amount of waste 
disposed by each household, an incentive loop is created to change consumption 
patterns. Residents may now opt for lesser packaging use and increase the reuse of 
materials such as bottles and plastic bags to avoid the increased costs of disposal. 
Also, rising environmental impact can induce higher waste reduction schemes, 
such as commercial agreements with the producers and manufacturers to reduce 
the amount of waste at source. Effectively, the waste reduction loops mentioned 
here attack two areas of waste generation, namely the amount of waste per 
consumption and consumption habits itself. 
20 
 
These two mitigation loops however can be further elaborated. We shall carry out 
further in depth causal loop analysis of the Waste Recycling and Waste Reduction 
Loops and examine the specific factors that influence the magnitude of these 
mitigation loops. 
 
Figure 2.3: Causal Loop Diagram for Waste Separation Behaviour  
Figure 2.3 shows an in depth analysis of waste separation behaviour. Here, we 
take the point of view of an agent and form a hypothesis of the factors that 
influences his decision to separate waste. The Basic Commitment Level of an 
individual to waste recycling is determined primarily by the effort level to do so 
as compared to just throwing the waste in a comingled fashion. The awareness of 
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that agent towards that waste recycling program is also another important factor. 
This Awareness level also determines whether the agent is separating waste in a 
proper fashion, hence affecting the waste purity level. 
Monetary Incentives can provide additional motivation for an agent to separate 
waste; however that is moderated by the agent’s Current Commitment Level. The 
higher the commitment of an agent to the program, the lesser the effect of 
increased monetary incentives. 
If the commitment level is significantly different from the population average, it 
means that the agent is separating a lot less or a lot more than his neighbours. This 
creates a pressure for him to align his separation behaviour with his neighbours 
(Motivation From Social Alignment). However, similarly, if an agent is already 
highly committed, the alignment effect on the agent will be diminished. 
In the Overcrowding Loop, the increase in waste separated without a 
corresponding increase in recycling facilities will increase the overcrowding at the 
recycling stations (Overcrowding Index), thereby increasing the effort of 
separating. The overcrowding also affects the separated waste quality as depicted 
by the Purity Decrement Loop. 
The Facilities Adjustment Loop tries to bring the amount of recycling stations in 
line with the recycling load, such that the overcrowding effect is mitigated. 
An extensive literature review will be presented in a later chapter to provide 




Figure 2.4: Causal Loop Diagram for Waste Generation Behaviour 
From Figure 2.4, we observe that the Waste Generation Per Capita is influenced 
by two factors, namely the Number of Packaging Agreements and the Increase in 
Cost of Disposal for the waste generated.  
Packaging Agreements refers to the number of collaborations that the Singapore 
government has with the industries under the Singapore Packaging Agreement. 
The Agreement, which came into effect on 1 Jul 2007, provides a platform and 
structure for industries to collaborate with the government to reduce packaging 
waste over a 5-year period. The Agreement is voluntary; so as to provide 
flexibility for the industries to adopt cost-effective solutions to reduce waste 
[Singapore Packaging Agreement, NEA, 2011]. The agreements significantly 
reduce the amount of packaging each product has, hence directly influencing the 
waste generation per capita. 
The relationship between cost of disposal and waste generation per capita can be 
exemplified by the Volume Based Garbage Collection Fee implemented in Korea. 
The Volume Based Garbage Collection Fee system aims at reducing household 
wastes by introducing economic incentive system in waste disposal. The 
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government levies a garbage collection fee based on the volume of garbage 
discharged. For example, a 20-litre bag costs 280 won. People can buy the bag in 
the grocery and department stores. If people use unauthorized garbage bags or 
dump waste illegally, they will be fined from 500,000 won to 1,000,000 won. 
[UNESCAP, 2011]. Daily waste generation was 2.3 kg per person, which 
amounted to twice the volume in other developed countries. But since the system 
was introduced as a pilot phase in 1994 and with nationwide scope in 1995, the 
garbage disposal rapidly dropped by about 33%, thereby exemplifying the 
relationship between the cost of disposal and the amount of waste generation per 
capita. 
The Total Waste Generated is then influenced by the generation per capita as well 
as the population size. With Singapore’s population increasing steadily from 
1990, the tons of waste disposed per day has also increased from 5700 tons per 





Chapter 3: Literature Review  
In this chapter, a literature review of past modeling efforts on solid waste 
management is presented. Here, we do not simply focus on models using the 
system dynamics framework but also other methodologies, such as that of agent 
based modeling and mathematical programming. Some papers on hybrid 
modeling approaches are also reviewed.  
3.1 Modeling of Solid Waste Management 
The application of system dynamics modeling to waste management has been 
attempted several times in the literature due to its suitability in modeling large 
scale complex socio-technical systems. Each modeling effort has a city of focus 
and the models developed are usually to tackle specific waste management 
challenges for the particular city. 
3.1.1 System Dynamics Modelling  
A systematic model for the planning of the MSW (municipal solid waste) 
management system using system dynamics is described in Sudhir et. al [1996]. 
The authors designed the model for use in developing countries, “addressing 
several interdependent issues such as public health, environment, present and 
future costs to society and the livelihood of the actors in the informal recycling 
sector.” In the model, they divided the management system into three parts: waste 
generation sub-system, informal recycling sub-system, and formal sub-system. In 
the waste generation part, waste generation is mainly determined by population 
and economic activity is determined by average income. There is an important 
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difference between the waste management situations of developing countries 
compared to the situation in developed countries. In developing countries, there is 
the existence of an informal waste recycling system consisting of waste pickers, 
itinerant buyers, scrap dealers, and wholesalers. The authors have used these 
factors as indicators to evaluate the waste management policies. The formal sub-
systems that form parts of the system such as the collection, transportation and 
disposal of waste often depend on the municipal budgets. In addition, the authors 
studied two alternatives of management policy with different fund allocation and 
different measures to improve waste management to check the performance of the 
model. 
A SD model of a developed city was developed by Mashayekhi [1992]. The 
article presented an SD model used for the solid waste problem in New York State 
in US, and applied it to examine different policies that might be adopted by the 
government. Compared to the model for developing countries, this model paid 
more attention to the financial issue within the system because of the higher cost 
caused by rising public awareness of environmental issues, and the fact that many 
landfills in use had been forced to close. The lack of appropriate sites and higher 
cost of developing new landfill need a much larger budget than what the 
government had spent on solid waste in the past. The model was also divided into 
several sectors such as waste generation, waste stream allocation and budget 
allocation. The author compared four alternative policies, their influence to the 
waste disposal and the improvements to the current management system. He 
determined the alternative giving the most cost-effective result. 
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Sufian et al. [2007] presents a study on solid waste management in Dhaka city, in 
which he uses systems dynamics to forecast the waste generation and 
management. The focus here is on incineration and how incineration of waste 
from Dhaka could possibly help to reduce the need for traditional fuel as well as 
keep the cost of management down by increasing the capacity of alternative 
management source, in this case, incineration. However, when compared to 
Singapore, one should note that most of Singapore’s wastes are already 
incinerated. This however, could be used as a reference to consider how waste 
management stream could indirectly lowering pollution level via the reduction of 
the traditional energy generation. What is notable is that the model introduces a 
composition index that takes into account the environmental impact of each 
management stream to support the decision diverting more waste to whichever 
management stream. This would mean that in the decision to develop alternative 
waste stream, one should consider and model in possible indirect benefits. 
Kollikkathara et al’s [2010] study on Newark City in New Jersey focused on the 
alternative of treatment versus the continued usage of landfill as waste 
management stream. Model included an endogenous decision process of diverting 
waste to a selected stream according to the ratio of cost between the streams. This 
led to an overall reduction in waste management cost as capacity of the existing 
stream gets used up at a slower rate. This could be taken into consideration as it 
would help enhance policies that would increase the efforts on alternative waste 
streams that would help to attain a more sustainable solution. 
Oyoo et al [2010] presented an SD model to study future trends of urban wastes 
and their impacts on the environment of African cities using plausible mitigation 
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scenarios. Their study encompassed three scenarios, a business as usual scenario, 
a more enforcement and more collection scenario and a proper management 
scenario. 
Talyan et al [2006] used an SD model to quantify methane emissions from 
municipal solid waste disposal in Delhi. In the study, the contribution of solid 
waste management measures to mitigate methane emission was investigated using 
various possible scenarios analysis. 
Kum et al [2005] presented a SD Model to study small scale composting and 
informal recycling to mitigate the problem of the ever increasing needs for more 
landfills. The study used data from Phim Penh City and show that waste recovery 
through these measures cannot succeed in significant waste diversion if there are 
no other support policies. 
3.1.2 Agent Based Modelling 
Ulli-Beer et al. [2007] modeled the behaviour of people and the policy involved in 
waste recycling in Switzerland. In this model, rate of recycling is an endogenous 
variable based on factors of behavior of population, and this was used to test the 
various policies. Waste generation rate has however been fixed at a constant 
throughout literature, a variable rate of recycling would allow for a successful 
testing of policy ideas because it would help to sieve out short-term policies that 
might aid recycling efforts in the future. 
Bi et al [2008] presented an Agent Based Model for solid waste management and 
policy simulation analysis. Agent based solid waste management and Agents in 
the system were designed in class diagram, collaboration diagram and sequence 
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diagram by UML. The behavior of household separation, solid waste disposal 
effect and solid waste management cost and profit were simulated under different 
policy scenarios. The results show that the model described the dynamics between 
household waste disposal activities and solid waste management policies. 
3.1.3 Hybrid modeling approaches 
A hybrid system dynamics based simulation system is presented in Wager et al 
[2010]. The simulation system combines the advantages of a system dynamics 
approach with expertise from the field of Life Cycle Assessment (LCA). The 
integration of modeling and simulation techniques into traditional planning and 
decision making procedures still seems to be in its infancy. They presented an 
example of a simulation system that has been applied in the field of waste 
management and discussed it with regard to general requirements for decision 
support systems. The system is conceived as a system which allows simulating the 
ecological and economic effects of possible future developments for time periods 
up to 15 years. It allows the user to set input parameters such as the expected 
development of the waste streams. The study also defined indicators for 
assessment of the environmental aspects as well as economic aspects, such as 
energy consumption and amount of waste. This model is constructed to answer 
the question of what will happen under the supposed scenario. 
Nguyen and Matsui [2009] presented an SD Model integrated with LCA 
calculation methods according to the International Panel on Climatic Change 
(IPCC) and the United Nations Framework Convention on Climate Change 
(UNFCCC) guides. The contribution of MSW treatment alternatives to mitigate 
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methane emission was investigated under various possible analysis scenarios. The 
study emphasized the importance of energy consumption, generation and recovery 
from various treatment and disposal methods that can also contribute indirectly to 
the reduction of the greenhouse effect by reducing the share of fossil fuels used in 
electricity production. In addition, the investigated waste treatment strategies with 
energy and material recovery can allow for the important benefit of greenhouse 
gas emission reduction. 
The Resources and Livelihood Group of Pune [2011] presented a hybrid SD 
model with fuzzy logic. Application of fuzzy logic was used to incorporate into 
the system dynamics model, subjective or judgment based phenomena that are not 
easily or readily quantifiable. As a result, they were able to capture socio-political 
(e.g., the impact of waste dumping on quality of life and the agitations stemming 
thereby) as well as technoeconomic (e.g., the expenses incurred for waste 
management) and environmental (e.g., the degrading quality of air, water and land 
around the dump sites) costs associated with waste management. 
3.1.4 Other Modelling Approaches 
Abeliotis et al [2008] created a mathematical programming model to represent 
material and financial flows, organised in several subroutines, to simulate the 
various sub-systems of an integrated solid waste management system. The model 
is then proposed as a decision support tool to help policy makers at solid waste 
management. 
Khoo et al [2010] presented a study using Life Cycle Assessment (LCA) to assess 
food waste conversion options in Singapore. In particular, it investigates the 
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environmental performance of four food waste conversion scenarios—based on a 
life cycle assessment perspective—taking into account air emissions, useful 
energy from the incinerators and AD process, as well as carbon dioxide mitigation 
from the compost products derived from the digestate material and a proposed 
aerobic composting system. 
3.2 Comparison of Approaches 




Social and Behavioural 
 
Environment 











Sudhit et al  SD Yes Yes No Yes No 
Mashayeki  SD Yes Yes No No No 
Sufian et al  SD Yes Yes No No Yes 
Kollikkathara  SD Yes No No No No 
Oyoo et al  SD Yes No No No No 
Talyan et al  SD Yes No No No Yes 
Kum et al  SD Yes Yes No No No 
Ulli-Beer et 
al  AB No No Yes Yes No 
Bi et al  AB No No Yes Yes No 
Wager et al  SD/LCA Yes Yes No No Yes 
Nguyen et al  SD/LCA Yes Yes No No Yes 
RLG SD/FIS Yes Yes Yes No No 
Khoo et al  LCA No No No  No Yes 
Proposed  SD/AB/FIS/LCA Yes Yes Yes Yes Yes 
 
In Table 3.1, we see a high level comparison of the different modelling 
approaches of solid waste management planning available in the literature. As we 
can see, each modelling approach is particularly suited for a distinct component of 
an ISWM. System dynamics works particularly well at modelling macro 
structures such as the physical flows for waste processing and waste recycling, 
whereas agent based modelling has more capability to explicitly model social and 
behavioural aspects from a bottom up approach. Life cycle assessment provides a 
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holistic and established framework to do emissions accounting and provides an 
essential capability to capture environmental impact. This is particularly important 
if the model were to be used as a decision support tool for policy planning. 
The proposed hybrid modelling approach aims to capture all of the critical 
components of an ISWM in a single modelling platform albeit using different 
modelling paradigms, such that we can leverage the superior qualities of each 
approach for each of the components. Also, the above literature review also 
suggests that current efforts to model ISWM’s have not been able to capture 
adequately all the required components for a reliable decision support tool. Hence, 
we see an even greater motivation for such a hybrid modelling approach.  
3.3 Conclusion 
From an extensive literature review, the uses of different methodologies in 
modeling ISWM’s have both merits and inadequacies. In particular, we recognize 
from the numerous papers supporting the use of System Dynamics, that SD 
modeling is a particularly apt methodology in capturing such a large scale 
complex problem. However, as other methodologies have shown, some salient 
features of ISWM cannot be modeled adequately using the System Dynamics 
framework.  
Based on this review, the direction of this thesis is such that we want to form a 
synthesis of mhuethodologies in a single framework that can adequately capture 
all the important features of an ISWM. Such an effort will allow us to derive a 
model that can both draw insights on the present state of an ISWM, as well as 
carry out planning scenarios to serve as decision support.  
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Chapter 4: Enriching System Dynamics 
Simulation  
In this chapter, a novel modeling methodology is presented to easily integrate 
notions of agent based modeling into that of system dynamics in a single 
simulation platform. Specifically, translations between classical stock and flow 
constructs and agent based concepts can be achieved by this proposed 
methodology. Based on this reinterpretation, richer agent characteristics can then 
be incorporated, which would otherwise not be captured by an aggregated system 
dynamics approach. In addition, we have also maintained the requirement of easy 
accessibility to such integrations in a single platform (the iThink system dynamics 
simulation tool in this case [iSEE Systems, 2011] ) without resorting to combining 
multiple simulation platforms. The methodology thus offers a much lower 
learning cost to the modeler as well as reducing the integration efforts required for 
cross platform hybrid modeling. 
In addition to the agent based modeling paradigm, this research goes on to 
augment agent richness through the use Fuzzy Inference System (FIS) to 
approximate behaviors of real life agents. Classically, a collection of 
mathematical equations (often in the form of graphical functions in system 
dynamics simulation tools) is needed to explain the relationship between 
variables. In the agent based context, however, we may need to quantify an 
agent’s response dynamically to a given a set of current conditions. A good 
example which will be illustrated later in this chapter would be that in a restaurant 
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setting, the amount of tip a customer gives depends on both the perceived quality 
of food and quality of service. However, it may be difficult to establish an 
appropriate mathematical representation of this human judgment, especially when 
the systems contain subjective that involves human judgment [Coyle, 2000]. 
In the rest of this chapter, the methodology to integrate agent based concepts and 
fuzzy inference system will be presented through the use of some simple 
examples. 
4.1 Reinterpreting Classical System Dynamic Constructs as Agent Based 
Concepts 
In this section, we will illustrate how to reinterpret a classical textbook system 
dynamics model, the Bass Diffusion Model for product diffusion [Sterman, 2000] 
as an agent based one, using the same system dynamics simulation tool, the 
iThink software.  
 
Figure 4.1 System Dynamics Bass Diffusion Model 
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Figure 4.1 shows the classical Bass Diffusion Model, which illustrates how 
Potential Adopters of a product becomes Adopters at an Adoption Rate that is 
determined by the effects of Advertising and promotion through the Word of 
Mouth effect. The effect of advertising is modeled as a constant percentage of 
Potential Adopters that becomes influenced and adopts the product at every time 
period. This is specified by the Advertising Efficiency. Consequently, the 
Adoption Rate from advertising is the multiplication of Advertising Efficiency 
and the current number of Potential Adopters. Word of mouth adoption 
mechanism is modeled by Contact Rate, which is the average number of contact 
that each person has with another in the population as well as the Adoption 
Fraction, which is the probability of a Potential Adopter becoming an Adopter 
after coming into contact with an Adopter. The number of potential adopters 
converting each time-step is thus Adopters * Contact Rate * Adoption Fraction * 
[Potential Adopters / (Potential Adopters + Adopters)]. 
The SD Bass diffusion model generates the famous S-Shape graph as shown in 
Figure 4.2, with the population of Adopters rapidly increasing in the beginning 





Figure 4.2 Results from SD Bass Diffusion Model 
With these transmission mechanisms in mind, we can now re-conceptualize the 
aggregated system dynamics model which is a flow of people between states into 
a disaggregated agent based one whereby each agent, in this case the consumer, 
gets represented individually. The Consumer Agent can be captured using a state 
chart as depicted in Figure 4.4. 
 
Figure 4.3 State Chart of a Consumer Agent 
From Figure 4.3, we can see that the Consumer Agent has two states which is the 
aggregated stock concept of being a Potential Adopter or Adopter in the system 
dynamics case. An agent in the Potential Adopter state transits to become an 
Adopter with the ignition of two events; namely coming into contact with an 
36 
 
advertisement or with an Adopter which periodically releases an event that 
informs agent in the Potential Adopter state about the product. 
Firstly, we shall represent individual agents using the same modeling language of 
system dynamics with the addition of the concept of an arrayed Stock as shown in 
Figure 4.4. 
 
Figure 4.4 Arrayed Stock 
Each stock is marked with an index i which represents the state of each individual 
agent. The arrayed stock Adopters can take either value 0 or 1, with 0 representing 
that Agent i is not in the Adopter state and 1 vice versa. In this way, we can keep 
track of the number of agents in the Adopter state. 
Next, the transition of an agent to an Adopter state is a probabilistic event that will 
be modeled using the MONTECARLO function in iThink, which is essentially a 
random number generator that generates 0 or 1, based on a pre-specified 
probability. The structure that changes the value in the arrayed stock is the 
classical flow which captures the random number generator. The structure is 
depicted in Figure 4.5. The converter Advertising Efficiency is the same concept 
as the percentage used in the classical model, representing the probability which 




Figure 4.5 The Advert Effect Transition 
The Word of Mouth Effect can now be modeled in the same probabilistic fashion 
through the use of random number generators changing the value of the indexed 
stocks. In this case however, we have to keep track of the number of agents in the 
1 state of Adopters stock and this can be achieved through an ARRAYCOUNT 
function. The exact equations for the word of mouth effect are described alongside 





Figure 4.6 Word of mouth structure with iThink commands 
It is noteworthy that even though the modeling is done in the same platform, the 
nature of the agent based model is discrete and arguably closer to reality. 
Simulation results of the re-conceptualized agent based model of the Bass 
Diffusion Model show a similar behavior, comparing Figure 4.2 and 4.7. The 
discrete nature gives rise to the “jaggedness” in the behavior. However, the curves 
can be smoothened by simply increasing the number of agents and calibrating 





Figure 4.7 Results from AB Bass Diffusion Model  
In conclusion to this section, we have achieved the following: 
1. Reinterpret aggregated System Dynamic concepts to that of Agent Based 
ones using standard system dynamics language and software 
2. Establish equivalence between the system dynamics model and the 
translated agent based model 
We note here that the agent based model having been modeled using the same 
software platform can be integrated with more standard system dynamic models 
very easily. This allows us to draw synergy between the two modelling 
approaches. We are able to take a top down aggregated approach by following a 
classical system dynamics modelling of stock and flows or a bottom up 
disaggregated approach through the discrete agent modelling method described in 
this section, as appropriate to the concepts at hand. In the next section, we shall 
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proceed to explain how we can make use of the agent based model to add much 
more agent details and thus enhance the richness of system dynamics modeling.  
4.1.1 Adding Complexity to the Agent Based Model 
In this section, we shall add and modify on the basis of the interpreted agent based 
model to bring in more complex agent characteristics using established social 
theory. This will add greater richness in the original Bass Diffusion Model.  
For example, we can now try and implement well-established social models for 
consumer choice into our agent based model. As an illustration, let us use a well 
established threshold model of collective behavior, the Granovetter Model to 
improve the Word of Mouth mechanism in the model. This will greatly 
complement the original Bass Diffusion Model.  
The Grannovetter Model basically states that an agent’s decision of adopting 
depends on the mean choice of the entire population. Each agent has a threshold 
value, upon which when the mean choice reaches that value, a transition from 
non-adoption to adoption is triggered. [Granovetter, 1978] The mathematical 
formulation is shown below. 
 
 
Where N is the number of agents and is the threshold of the i-ith agent. 
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In the following sections, we shall use an adaptation of the Grannovetter Model to 
model the word of mouth effect in combination with the advertising effect. The 
adaptation is made even more realistic by the inclusion of network effects among 
agents whereby each agent is connected to another with a strength of influence. 
The decision rule is such that threshold is reached when there is sufficient 
accumulation from both advertising and word of mouth. 
4.1.1.1 Accumulation of advertisement influence 
In the previous model, the transition from the Potential Adopter to Adopter state is 
done through a probabilistic event at every time period. A more realistic modeling 
of this mechanism would be that each agent is bombarded with an advert effect 
which has a probabilistic influence on the agent depending on the Advertising 
Efficiency. The influence accumulates and decays over time. Each agent has a 
unique threshold captured in an arrayed converter such that when the threshold is 
reached, the state transition is triggered. The heterogeneous distribution of 
influence thresholds depicts the real life phenomenon whereby each individual is 





Figure 4.8 AB Bass Diffusion Model with Accumulation of Advert Influence 
4.1.1.2 Adaptation of Grannovetter Model with Network Effects 
The word of mouth effect in the simple model is simply a probabilistic event of 
which the probability is a function of the number of Adopters in the population. 
Evidently, this mechanism is far too simplistic wherein real life, individuals are 
connected to each other in networks (social circles) and the diffusion of 
information is through the connections in the network. The strength of those 
connections is also heterogeneous and can decay over time. To model the 
connections between individuals, we have to make use of two-dimensional arrays 
in the simulation software. A non-zero number in row i and column j, shows that 
there exists a one way influence of agent i on agent j. The strength of influence is 






Table 4.1 Example 2D Array of agent influences in the WOM effect 
Agent 1 2 3 4 5 
1 0 0.5 0.4 0.3 0.1 
2 0.5 0 0.4 0.5 0.2 
3 0 0.1 0 0 0.2 
4 0 0.2 0.6 0 0.1 
5 0.1 0.8 0.4 0.7 0 
 
The above type of matrix is captured in the 2D Array Network Matrix of the 
complete agent based model, Figure 4.9 below. Once an agent enters the Adopter 
stage, he starts to exert an influence on his connections at a strength stipulated in 
the Network Matrix. This influence comes into the same “pool” for each agent 
and when the accumulation reaches the threshold, a Potential Adopter transits to 
become an Adopter. The exact equations used to capture all these mechanisms are 




Figure 4.9 Enriched AB Bass Diffusion Model 
4.1.1.3 Simulation Results 
Simulation of this enriched model yields a similar evolution of the number of 
adopters. However, due to the added details, we can now experiment with 
different agent properties such as threshold distributions as well as different 
network configurations to test out the speed of diffusion across different types and 




Figure 4.10 Results of Enriched AB Bass Diffusion Model 
In this section, we have demonstrated how we can enrich an interpreted agent 
based model with several agent characteristics such as heterogeneous properties as 
well as network effects. This methodology will be used to come up with a hybrid 
model of waste separation behavior in a later chapter. 
4.2 Integrating Fuzzy Inference Systems as Behavior Approximation into System 
Dynamics 
In this section, we shall explain the use of Fuzzy Inference System to augment 
agent richness. The procedure follows research done by Wangphanich and Gale 
[2008] which details the steps on incorporating FIS into a system dynamics 
simulation platform. Using this methodology, we are able to assimilate qualitative 
human judgment into a simulation model. We have adapted the methods and 





4.2.1 Fuzzy Logic and Fuzzy Inference 
 
Figure 4.11 FIS Flow Chart [Wangphanich and Gale, 2008] 
In order to create a fuzzy inference system, appropriate member functions for each 
input variable and fuzzy rules have to be defined. Each input variable is assumed 
as a fuzzy set with fuzzy boundaries. For example, from Figure 4.11, X1 
comprises of two sets which is A1 and A2. Each point cannot be exactly defined 
as A1 or A2 but rather it belongs to both sets with a different degree of 
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membership. For example, when X1=4, it belongs to subset A1 with membership 
of 0.75 and subset A2 with membership of 0.4. 
The FIS inference is as follows. From Figure 4.11, we take the fuzzified inputs, 
namely the membership values of X1 and X2 and apply them to the antecedents of 
defined fuzzy rules. The conjunctions of the rule antecedents with the AND 
operation are evaluated by a multiplication. The resulting rule evaluations are then 
fed to a weighted average equation to derive the output Y as a single number.  
We can represent a FIS system in a system dynamics modeling platform through 
the use of converters and mathematical equations. Three stages have to be 
represented as seen in Figure 4.11.  The membership functions are captured either 
by graphical functions or equation in the fuzzification phase and the rules are 
evaluated in the evaluation phase followed by a combination of all the rule 





Figure 4.12 FIS in system dynamics [Wangphanich and Gale, 2008] 
4.2.2 Customer Tipping Problem 
To illustrate the value of a fuzzy inference system in a system dynamics 
simulation, let us state the following problem. Given two sets of numbers between 
0 and 1 (where 1 is excellent) that respectively represent the quality of the service 
and the quality of the food at a restaurant, what should the tip be? 
To answer this problem, we need an analysis of the human judgment involved in 
evaluating the conditions to arrive at an appropriate tip. A clear and concise way 
to capture this is by asking any human subject and writing this judgment down in 
the form of a rule base, or a set of IF-THEN rules made up of fuzzified input 
variables. 




Table 4.2: Rule Base for Customer Tipping 
  Food     
Service Bad Average Good 
Bad Zero Very Low Low 
Average Very Low Low Average 
Good Average Generous Very Generous 
 
For example, the rule base is read as follows, 
1. If Service is Bad and Food is Bad, the Tip is Low 
2. If Service is Good and Food is Good, the Tip is Very Generous 
Next, we can now establish the membership functions of food and service quality. 
These membership functions can be determined through respondent surveys and 
interviews.  
Using the formulations stated above, we can now translate the FIS into a system 
dynamics simulation platform, such as that of iThink used in this research. The 





Figure 4.13: System Dynamics Model of Customer Tipping FIS 
The FIS behavior model can now be embedded in a larger system dynamics 
context that will endogenously change the input variables of food and service 
quality according to the output of the FIS and policy choices of training and 





Figure 4.14: System Dynamics Model of Restaurant Performance with embedded 
FIS 
Such an embedment allows complicated feedback loops to be modeled, 
representing the nonlinear causal loops that we often see in real life. Aspects of 
human judgment and policy structures are integrated successfully into one 
simulation platform. 
4.2.3 Using FIS to approximate agent behavior in system dynamics modeling 
In modeling an agent based model of recycling and waste separation behavior in 
an ISWM, it is often necessary to approximate the behavior of individuals in 
response to certain incentive schemes and current conditions. For example, from 
waste separation behavior studies, an individual’s basic level of commitment to a 
waste separation program is determined by both his awareness levels of recycling 
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programs as well as the effort level in executing the waste separation. These 
qualitative judgments can then be assimilated in an FIS to approximate the 
behavior of the agent according to the methodology illustrated in the customer 
tipping model .The FIS can then be embedded into our agent based behavioral 
model along with the rest of the ISWM for a more complete picture. We will go 
on to explain the resulting system further in Chapter 5. 
4.3 Conclusion 
In this chapter, novel methodologies have been presented that can enable us to 
integrate agent based modeling as well as fuzzy inference systems in a system 
dynamics simulation tool. In the following chapter, we will build upon these 
foundations to construct a hybrid model for ISWM, whereby socio as well as 








Chapter 5: Modeling ISWM Singapore 
Based on the dynamic hypothesis, a hybrid modeling approach is used to develop 
a simulation model of ISWM Singapore in iThink. Agent based modeling with 
Fuzzy Inference Systems was used to create the Waste Separation Behavior 
subsystem whereas classical system dynamics modeling was used to model the 
other parts of the ISWM. 
5.1 Waste Generation Subsystem 
 
 
Figure 5.1 Waste Generation Subsystem 
 
Figure 5.1 depicts the food waste generation subsystem derived according to the 
causal loop diagram developed in Chapter 2. Here, we shall detail the basic input 
data used to drive this subsystem and the rationale behind them. The charge per 
kg will be used as a policy lever to influence waste generation per capita and this 




Figure 5.2 Population of Singapore (Thousands) 
In our simulation runs, real population data has been used to drive the model from 
the year 2003 to 2010 [Singstats, 2011]. Beyond 2010, we assume that the 
population growth rate has come to a saturation point and the current population 
numbers will stay fairly unchanged through to the year 2020. 
 
Figure 5.3 Food Waste Generation Per Capita (kg per month)  




















Figure 5.4 Packaging Waste Generation Per Capita (kg per month)  
(RMSE = 1.608) 
From Figure 5.3 and Figure 5.4, the solid lines show the actual monthly waste 
generation per capita (kg) in the previous years. For the simulation of the built 
model, we have used 10 kg per month and 34 kg per month for food and 
packaging waste respectively. It is assumed that values will continue beyond 2010 
if no policy is enacted to change waste generation behavior. From the graphs, we 
can see that these input values approximate actual data well. 
5.2 Waste Separation Behavior Subsystem 
In this section, we shall develop an agent based model of waste separation 
behavior using the methodology presented in Chapter 4 as well as the causal loop 
diagram developed in Chapter 2. Individual agents will be created, initialized with 
parameter values to represent different strata of the population. The aggregate 












waste purity levels of the separated waste will be fed back to other system 
dynamics models to simulate the consequent impacts.  
In order to conceptualize the agent in our simulation on waste separation 
behavior, an extensive literature review was conducted to form the theoretical 
basis of our modeling. Most pertinent factors and effects were captured and 
translated into our agent conceptualization. 
Theoretical Foundations of Waste Separation Behavior 
Recycling behaviour is largely determined by the level of citizen participation in 
refuse sorting. Previous research shows that recycling behaviour is driven by the 
cost of recycling, the convenience of available recycling facilities and programs, 
the level of awareness and knowledge of the citizen, personal attitude towards the 
environment, social norm and social pressures as well as socioeconomic factors.  
The act of sorting out refuse requires an expense of time, space, money and effort, 
hence making this activity more convenient and accessible should be able to 
increase the level of commitment to a recycling program. In a textile recycling 
behaviour research, it was reported that convenience is a critical driver of 
participation rates. [Domina and Koch, 2002]. In a similar study, differences was 
examined between separators and non-separators and it was found that non-
recyclers were put off by the inconvenience and the associated costs of recycling 
[Vining and Ebreo, 1990]. Saphores et al [2006] studied electronic waste 
recycling behaviour of households and find that convenience factors such as 
proximity to a recycling centre increased participation rates. Hornik et al. [1995], 
based on a meta-analysis, conclude that frequency of recyclables collection was a 
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strong predictor of recycling behavior. Gonzalez-Torre et al. [2003] examined 
waste collection systems  in Europe and America and conclude requiring less time 
and effort to dispose and separate waste will result in a higher recycling rate. 
In terms of concern for the environment influencing recycling rates, Domina and 
Koch [2002] find that people who have care about the environment greatly are 
more likely to separate waste. Meneses and Palacio [2005] reported that 
household members with positive attitudes towards ecology and who are 
motivated to protect the environment shared a greater burden of the recycling. 
Knowledge about the availability of recycling programs and facilities also affects 
participation rates in recycling. Two studies have found that knowledge about 
recycling programs is a strong predictor of recycling involvement [Gamba and 
Oskamp, 1994; Hornik et al., 1995]. Other studies have tried to analyze the role of 
knowledge about the environment in recycling behavior. Oskamp et al.[1991] 
report that the level of knowledge about conservation is a good predictor of 
participation in recycling. 
Studies have also investigated the effect social influence has on recycling 
behavior. Social influence in this context is defined as an individual’s concern 
about the perception of others, such as family and neighbors if they do not recycle 
[Vining and Ebreo, 1990]. Oskamp et al. [1991] and Do Valle et al. [2004] report 
that social influence is an important driver of recycling behavior. 
Apart from behavioral aspects, numerous studies have also looked at the 
relationship between demographic and socioeconomic variables and recycling 
involvement. The most commonly examined variables are gender, age, education 
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and income [Saphores et al., 2006]. From the studies above, the most pertinent 
factors influencing waste separation behavior were selected and captured in our 
agent based model. As a summary, the main issues captured were: 
1. Separating Effort 
2. Monetary Incentives 
3. Awareness 
4. Social Alignment Effect 
5. Socioeconomic factors 
As a starting point, let us describe the agent used in the waste separation behavior 
subsystem. The overall conceptualization based on our theoretical foundation of 
the agent is shown in Figure 5.5. 
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Figure 5.5: Conceptualization of an Agent in Waste Separation Behavior 
Subsystem 
From Figure 5.5, we can see that an agent has three components. Firstly, it has 
inherent socioeconomic properties such as Income, Family Type and Housing 
Type. Each property is a discrete category of two or three value types. For 
example, an agent’s income level could be low, average or high. Standard 
Families here refers to the typical family unit of parents and children living under 
one roof, whereas Non Standard Families here refers to non typical households 
such as single working professionals, single elderly etc. 
The agent’s properties influence his perception of external variables. Take for 
illustration, the effect of monetary incentives is on a low income agent is different 
from a high income agent. Thus each agent perceives his environment differently 
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according to their inherent properties. The specific details of this perception 
process will be explained later. 
In classical agent based simulation as we have demonstrated in Chapter 3, agents 
possess states in which they transit to and from when external stimulus is applied 
to it. In our model however, we have decided to model three main concepts that 
determines an agent’s propensity to separate waste as well as waste purity in a 
continuous fashion instead of using discrete states. The linguistic modeling 
capability of fuzzy inference systems are then leveraged to approximate agent’s 
behavior in arriving at their commitment towards waste separation. The concepts 
of Awareness, Purity and Commitment have continuous values that vary 
dynamically according to the perceived environment variables. Their levels and 
variation are jointly determined by four Fuzzy Inference Systems which takes in a 
combination of internal and external variables to determine current commitment, 
waste purity and awareness levels. More detailed presentation of each of the four 
FIS will be presented.  
Commitment level is the primary variable that will determine the percentage of 
waste separated in an agent’s waste stream. The relationship of commitment 
levels to actual separated waste percentage is depicted in the figure, which is a 
classical S-Shaped curve. Initial increases in commitment levels raises waste 
separation percentage slowly, following which there is accelerated increases in 
separation percentage. The initial resistance can be explained by policy resistance. 
After commitment levels reach a certain level, the rate of increase tapers off. This 
can be explained by the fact that waste separation becomes increasingly difficult if 
the separation percentage is already very high. These last bits of separation such 
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as deconstructing packaging materials are much more difficult and time 
consuming and thus corresponding increases in commitment levels only raises a 
little waste separation percentage. 
Agent Distribution 
As the agents hold different socioeconomic properties, we need to initialize a 
population of agents that is reflective of the Singaporean ISWM context. From 
literature, Singapore has a large middle class (average income) staying in 
Apartment style residences as well as a sizeable low income families living in 
apartments as well. Landed properties take up only 5% of the entire Singapore 
residences [Singstats, 2011] 
Hence, from these real life data, we initialize out agent based model with the 
following distribution among nine main socioeconomic categories. The 










Table 5.1: Distribution of Agents
 
Agent Perception 
In this agent based model, each agent perceives environment variables according 
to his own socioeconomic category. Figures 5.6 and 5.7 show the different effects 
on agents for a particular external variable. 
Figure 5.6: Perceived Monetary Incentives 
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In Figure 5.6, we see how different income groups respond to monetary incentives 
and the graphical functions used to capture these differences in our agent based 
model.  For the low income type agents, monetary incentives have a greater 
motivational effect in that the perceived incentive effect is much greater. For the 
average income, the relationship is roughly linear whereas for the high income, a 
much greater amount of monetary gains must be presented before the agent starts 
to perceive any incentives. 
Figure 5.7: Actual Awareness 
From Figure 5.7, we have hypothesized a different reaction to awareness efforts 
by the various agencies according to the family category. Here we assume that 
young couples are most receptive of awareness efforts and become more aware of 
recycling programs as the efforts in the form of campaigns and advertising 
increases. The standard family is less receptive and the non standard family the 
least receptive. The non standard family type is supposed to be single elderly or 
single working professionals etc, and as such have a general tendency to be less 






Figure 5.8: Effort Levels for Landed and Apartment 
The effort to undertake waste separation varies for the different type of residences. 
As of 2011, the number of recycling stations for HDB flats was one for every five 
blocks of apartments whereas there for landed properties, recycling companies 
collect their recyclables door to door [Channel News Asia, 2011]. Hence, the 
proximity to recycling stations differs significantly. In our agent based model, we 
have captured this difference through the use of the coding shown in Figure 5.8. 
We capture the apartment type of each agent in a converter and model the 






Fuzzy Inference Systems 
The waste separation behavior properties, namely Commitment and Purity of 
Waste Separated are jointly determined by four fuzzy inference systems. The 
overall conceptualization is depicted in Figure 5.9. 
In FIS 1, we determine an agent’s basic level of commitment to the recycling 
program. From literature, we find that the basic level of participation comes from 
an agent’s awareness levels as well as the effort to undertake waste separation. 
In FIS 2, perceived monetary incentives can also motivate an agent into a higher 
commitment of waste separation. However, the magnitude of this commitment 
also determines on the current level of commitment. 
In FIS 3, we capture the additional commitment to waste separation from social 
alignment. From literature, this is the effect whereby social pressures and 
influences from neighbors and friends come into play [Vining and Ebreo, 1990]. 
The difference with the population average is calculated as a proxy to the 
difference of an agent’s behavior to his neighbors. However, this motivation from 
a desire to socially align themselves is also moderated by the agent’s current level 
of commitment. 
In FIS 4, purity levels of the waste separated by an agent depend on the awareness 
levels of an agent as well as the overcrowding index at the recycling stations. 
Awareness of recycling programs signals to an agent the importance of 
appropriate separation, hence the higher the awareness, the better the purity. From 
reports, overcrowding at recycling stations has a tendency to reduce the purity 
levels of waste separated [EcoBusiness, 2001]. This is because sometimes the bins 
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become full, and residents start to throw the waste in comingled bins or simply the 
wrong bins altogether. 
 








Table 5.2: Awareness and Effort Levels on Basic Commitment 
  Awareness     
Effort Level Low  Med High 
Low  Very Very Low Very Low Low 
Med Very Low Low Med 
High Low  Med High 
 
Table 5.3: Perceived Monetary Incentive and Current Commitment Level on 
Commitment from Incentives 
  Perceived Monetary Incentives     
Current Commitment Level Low  Med High 
Low  Low  Med High 
Med Very Low Low Med 
High No Effect Very Low Low 
 
Table 5.4: Difference with Average Commitment and Current Commitment Level 
on Commitment from Social Alignment 
  Difference w avg     
Current Commitment Level Low  Med High 
Low  Low  Medium High 
Med No Effect Low Medium 
High No Effect Very Low Low 
 
Table 5.5: Overcrowding Index and Awareness Level on Purity of Waste 
Recycled 
  Overcrowding Index     
Awareness Low  Med High 
Low  Medium Low Very Low 
Med High Medium Low 
High Very High High Medium 
 
Tables 5.3 – 5.5 depicts the rule base used in the fuzzy inference systems. For 
illustration, let us explain the logic for Table 5.3. If the Awareness of the agent is 
low and the effort level to separate waste is low, the basic commitment level of an 
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agent is Very Low. Logically, when the Effort Level is High and the Awareness is 
High, the agents basic level of commitment will be high. 
Additional motivation are then derived from incentives and social alignment and 
added to the basic level of commitment, hence forming the current commitment 
level of an agent. Purity levels of the waste separated by an agent at each turn are 
also determined in a similar fashion. 
5.3 Waste Flow Systems 
Figure 5.10 shows the flow of food waste in ISWM Singapore. Inputs from the 
food waste generation subsystem get passed in through the converter Total Food 
Waste. The Total Food waste is then split into domestic and commercial food 
waste. On the domestic side, domestic waste that is recycled come from the agent 
based model in the converter Average Percentage Recycled, which determines the 
rate of Central Rubbish Chuting (CRC) (thrown without separation). On the 
commercial side, the Proportion of Commercial Agreements with food vendors 
and businesses determine the amount of sorting of commercial food waste. The 
food waste that has been sorted at source (SAS) for both domestic and 
commercial then flows into a central collection together. The rate of impurities, 
determined from the agent based model removes some part of these sorted food 
waste into the unsorted portion. 
Some assumptions about food waste flow are made here: 
1. Proportion of Domestic Food Waste: 0.5 
2. Machine sorting efficiency: 0 
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Figure 5.11 shows the flow of packaging waste. Similarly the proportion of 
packaging waste recycled comes from the agent based model and the monthly 
packaging waste from the waste generation sub model. The proportion of 
packaging waste recycled determines the amount going to the Material Recovery 
Facility or the unsorted waste collection. Some parts of unsorted waste are 
recovered by machines before sending to the incinerators. For packaging waste 
sorted at source, some impurities are present of which this rate is determined from 
the agent based model as well. 
Assumptions: 
1. Sorting Efficiency of Unsorted Packaging Waste: 0.1 
Figure 5.10 Food Waste Flow System 
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Figure 5.11 Packaging Waste Flow System 
5.4 Waste Processing Systems 
Figure 5.12 Incineration Subsystem 
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Figure 5.12 shows the incineration subsystem which produces ash and electricity. 
Food and packaging waste that are not recovered are sent to the incinerators to be 
burned and reduced in volume. Ash and electricity are generated in the process, of 
which the ash generated is sent to the landfills and the electricity sold back to the 
power grid. 
 The constants used in this model are: 
1. Monthly Incineration Capacity: 246000 tons [NEA, 2011] 
2. kwh per ton incinerated: 414 kwh [NEA, 2011] 
3. Volume reduction of waste incinerated: 80% [NEA, 2011] 
4. Other waste streams incinerated monthly per capita: 0.01057 tons [NEA, 
2011] 
For item 4, other waste streams incinerated monthly per capita were estimated 
using data at the 2010 level.  
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Figure 5.13 Anaerobic Digesting and Aerobic Composting (AD and AC) 
Subsystem 
Figure 5.13 shows the AD and AC subsystems. These form the alternative 
recycling for food waste instead of incineration and produces electricity and 
compost 
The constants used are: 
1. Composting Efficiency AD: 0.6 
2. Kwh per ton AD: 229 kwh 
3. Proportion of food waste sent to AD: 0.9 
4. Composting efficiency AC: 0.17 
5. Proportion released as gases: 0.2 
6. Initial AD monthly capacity: 20000 tons 
7. Initial AC monthly capacity: 10000 tons 
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Figure 5.14 Landfill Subsystem 
In Figure 5.14, the inputs used for the landfill system are: 
1. Initial landfill capacity 288000000 tons 
2. Other monthly waste streams to landfill follow a schedule based on 
historical data (1999-2010) [NEA, 2011] and projected data (2011 










Table 5.6 Monthly other waste streams to landfill (tons) 













2011 onwards 12500 
 
5.5 Emissions Model 
The emissions model does dynamic life cycle assessment accounting by the 
formula depicted in Figure 5.15 
 
Figure 5.15 Emissions Accounting 





Table 5.7 Emissions (kg per kg) [Khoo et al, 2009] 
Air emissions  Incineration AD AC Elec generation 
CO2 0.59 0.21 0.006 0.5 
CH4 0.0000383 0.0000164 0.00097 0.00000815 
N20 0.0000125 0.0000815 0.00097 0.00000303 
NOX 0.000378 0.000045 0.000069 0.000119 
SOX 0.000013 0.000319 0.00011 0.000734 
Ammonia 0.000000345 0.000000167 0.000024 0.0000116 
CO 0.00016 0.0044 0.00000113 0.000178 
 
Table 5.8 CO2 Equivalence [Johnke, 1998] 







Table 5.9 CO2 Avoidance (kg per kg) [Johnke, 1998] 
Byproduct CO2 Avoidance (kg per kg) 
Plastic 2.695 
Paper 0.765 
AD Compost 0.040852 
AC Compost 0.04503 
 
The complete system dynamics model is depicted in Figure 5.16 
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Figure 5.16 Emissions Sub Model 
5.6 Model Validation 
In system dynamics, the term “reference mode” is used to denote a pattern of 
graphs that present the idealized or actual behavior of variables over time. 
Reference modes are used for two purposes: firstly, learning about the problem 
and its definition and secondly to build confidence in the model through testing 
the dynamic hypothesis. 
In this section, we shall compare historical data of food waste and packaging 
waste recycling rates to that of those generated by the model. The trends can then 




Figure 5.17 Actual [NEA, 2011] Vs Simulated Food Waste Recycling Rate  
From Figure 5.17, we can see that the simulated trend of food waste recycling rate 
follows that of historical data quite closely. From literature, we know that the 
domestic food recycling rate has always been very low. On the commercial side, 
before 2006, there has not been any institutionalized food waste recycling 
program. The moderate increases comes from voluntary initiatives of commercial 
food producers and retailers such as investing small composting machines or 
converting leftover material to animal feed and selling them to farms. After 2006, 
IUT Global started its first major Anaerobic Digesting plant and with the help of 
NEA enters into agreements with commercial food vendors such as school 
canteens and super markets to separate their food waste and get them transported 
to the treatment plant. This accounts for the acceleration of food recycling rate 
between the years 2006-2010. Within the model, we have taken into account all 
these knowledge. One of the input functions in the food waste flow model reflects 

















Figure 5.18 Proportion Commercial under Agreement Input Data 
There have not been efforts to motivate the domestic food waste recycling side, 
hence the overall increase in rate can be wholly explained by an increased in 
participation on the commercial side within the model. 
 
Figure 5.19 Actual [NEA, 2011] Vs Simulated Packaging Waste Recycling Rate 
For packaging waste recycling rates, the actual historical data has been hovering 















in recycling rate because there has not been an increase in take up rate on the 
domestic side. Reports say that domestic participation rates over the last few years 
have stagnated [Ecobusiness, 2010] One reason cited is that the rubbish chute of 
the HDB flats makes it far too convenient for people to dispose of just about 
anything that would fit in there leading to a large amount of comingled waste. In a 
recent straw poll of 50 people conducted by The Sunday Times, the majority said 
that Singapore’s existing infrastructure does not encourage recycling. The 
problems: lack of recycling bins, overflowing and contaminated bins, and 
infrequent collection, all of which were cited as key reasons why people do not 
recycle. 
In the agent based model for packaging waste recycling, we have set the relative 
effort levels of waste separation to stagnate over the simulation period, without 
the addition of new recycling stations. Also, monetary incentives are kept at zero, 
with only public awareness campaigns increasing slightly over the years. This has 





Figure 5.20 Actual [NEA, 2011] Vs Simulated Landfilling (Million Tons) 
 
Figure 5.21 Actual [NEA, 2011] Vs Simulated Incinerating (Million Tons) 
The model was also able to generate very similar behavior in terms of the amount 
of waste sent to landfills and incineration respectively. This is shown in Figure 
5.20 and figure 5.21, thus lending us greater confidence that the model created is 
























data was available in the reference modes. The main variables used to fine tune 
and fit the simulated data to the recycling rates reference modes were the 
Awareness and Effort levels described in the Fuzzy Inference Systems of section 
5.2. For the incineration and landfilling amounts reference modes, no parameter 
tuning was needed when we got the recycling rates tuned correctly, as the 
parameters used for the waste flow and waste processing systems were all 
calculated or obtained from the same data sources as the reference modes. 
 5.7 Conclusion 
In this chapter, a hypothesis for the ISWM Singapore was proposed and 
described. A prototype simulation model based on the hypothesis was built and 
explained using a hybrid modeling approach. Successful incorporation of 
methodologies namely, Agent Based Modeling with Fuzzy Inference System as 
well as Life Cycle Assessment, into the existing system dynamics framework was 
achieved.  
The model was then validated with reference modes of food waste recycling rates 
and packaging recycling rates and the trends were then explained using dynamics 
of the model. Reference modes for the amount of waste sent to incineration and 
landfill was also validated by the model output. 
In the next chapter, we shall go on to build scenarios based on this simulation 
model based on some identified policy levers. The impacts and future trends will 
be observed and analyzed and the policy considerations will be discussed. 
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Chapter 6: Scenario Building and Results 
In this chapter, different combinations of policy planning scenarios are presented 
using the ISWM Singapore model developed in the previous chapter. The 
categories are as such: 
1. Business as Usual Scenario (BAU) 
2. Population Scenarios 
3. Motivating Recycling Behavior Scenarios 
In Category 3, the policy instruments are designed to affect some identified policy 
levers listed below: 
1. Cost of disposal on waste generation  
2. Monetary incentives on separation behavior 
3. Effort levels on separation behavior in terms of the amount of recycling 
facilities available 
4. Awareness efforts on separation behavior 
In each of the scenarios, we will observe and analyze the consequent impacts on: 
1. Recycling Rates 
2. Landfill Years Left at current disposal rate 
3. Global Warming Potential 
4. Waste Processing Volumes 
5. Exhaustion year of current incineration capacity 
6. Electricity output as a proportion of predicted consumption 
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The above metrics are suitable for the evaluation of different policy scenarios as 
model validation has been performed either directly or indirectly against historical 
data to the best of ability.   
1. Recycling rates 
Recycling rates were validated against actual historical data as shown in 
Section 5.6 
2. Landfill years left at current disposal rate 
Landfilling volumes were validated against actual historical data in Section 
5.6 
3. Global Warming Potential 
Historical data was not available for validation. However, the values 
calculated are well supported by references. The amount of emissions 
produced by each waste processing method is detailed in Tables 5.6, 5.7 and 
5.8 [ Khoo et al, 2009 ][ Johnke, 1998 ] 
4. Waste Processing Volumes 
Waste Processing Volumes are indirectly validated as they are derived from 
recycling rates, landfilling rates and incineration rates. 
5. Exhaustion year of current incineration capacity 
The current maximum capacity of all the incinerators combined was used in 




6. Electricity output as a proportion of predicted consumption 
Some assumptions were made about the electrical consumption per capita and 
the calculated proportion was validated against reported values in the media. 
This is further elaborated in Section 6.1.4. 
The simulation schedule is as shown in Table 6.1 
Table 6.1 Simulation Scenarios 
  Population Growth     Motivating Recycling   
Scenario Zero Low  Medium  High Awareness Effort  Incentives 
BAU X             
1   X           
2     X         
3       X       
4     X   X     
5     X     X   
6     X    X X  
 7 
      
X 
8     X   X X X 
 
6.1 Business as Usual (BAU) 
In the previous chapter, ISWM Singapore was validated against historical data of 
food and packaging waste recycling rates and the main drivers behind those trends 
were explained in terms of the dynamics modeled.  
6.1.1 Business as usual: Recycling Rates 
Using the model, and the same set of assumptions, we can now use the model to 
project the future trends of ISWM. Figure 6.1 and Figure 6.2 shows the projected 




Figure 6.1 Projected Food Waste Recycling Rates [NEA, 2011] 
 
Figure 6.2 Projected Packaging Waste Recycling Rates [NEA, 2011] 
The model output for food waste recycling shows an increase in rates at the 
current rate of growth, after which it slows down and reaches saturation point at 





























1. There has been no increase in domestic food recycling rates. This is 
because there has been no improvement in the motivational factors driving 
domestic food recycling. Monetary incentives remain at zero levels and 
effort levels to undertake food waste recycling behavior are extremely 
high. Current reports support this hypothesis [Zero Waste Sg, 2011]. Food 
Waste Republic has reported that the current momentum of increases in 
food waste recycling is coming from the commercial sector. [2011] 
Recycling stations do not facilitate food waste recycling as NEA feels that 
the tropical weather causes food waste to decompose too quickly and may 
cause health hazards to the public [Food Waste Republic, 2011]. Figure 
6.3 shows the model output from the agent based model for food 
recycling. 
2. The growth in recycling rate can thus be entirely attributed to the growth 
of commercial agreements to send their food waste to their recycling 
plants. However, reports have observed that it will become more and more 
difficult to get food operators to participate in the program as the operators 
are unwilling to “go green” and pay for the extra food waste collection 
cost [Food Waste Republic, 2011]. The input of the number of commercial 





Figure 6.3 BAU: Domestic Food Recycling Rates 
 
Figure 6.4 Assumed growth of commercial agreement with food waste processing 
plants 
For packaging waste, reports say that growth in recycling rates has been slow or 
even stagnant in the last few years even though there has been an increase in 
number of recycling stations in the housing estates (one for every five blocks) 














years and forecasts that the behavior will continue with very minor increases in 
packaging recycling rates. 
Factors that can be attributed to this behavior are: 
1. Insignificant improvements in effort levels or even an increase in the effort 
level of recycling packaging waste as there has been a rapid increase in 
population, contributing to a decrease in facilities per inhabitant, leading to 
an overcrowding effect.  
2. Basic levels of commitment have roughly remained unchanged as the 
Awareness levels of agents have stagnated as well. There was an increase 
in packaging recycling awareness efforts some years ago but these efforts 
have stabilized, taking the form of the annual Recycling Day Campaigns 
as well as periodical precinct level efforts [NEA, 2011]  
 














6.1.2 Landfill Years Left 
 
Figure 6.6 BAU: Packaging Waste Recycling Effort Levels 
As highlighted in the introduction of ISWM Singapore, land space is a great 
concern in the planning of solid waste management. Hence, it would be extremely 
useful if the model is able to forecast the course of Semakau landfill use over the 
simulation period. From Figure 6.6, we can observe that at the year 2010, landfill 
years left is at 25 years, which coincides with the BAU situation in reports 
[Ecobusiness, 2010] meaning that our landfill will run out at the year 2036. The 
model outputs are however an optimistic one, as we have assumed a constant 
population size after 2010. 
6.1.3 Global Warming Potential 
Using the emission sub model developed for ISWM Singapore, we are also able to 














business as usual scenario. Figure 6.7 shows the trend of yearly total greenhouse 
gas emissions in CO2 equivalent (million tons) to the year 2030. 
 
Figure 6.7 BAU: Net Global Warming Potential (Million Tons of CO2-eq) 
The model outputs a trend of greenhouse gas emissions around 0.3 million tons, 
with a slight increase between 2006 and 2010. This coincides with the population 
expansion due to our immigration policies over those years. The scenario assumes 
that population growth will stabilize at the 2010 rate and there is still some room 
for increment in the recycling sector, hence bringing down the emissions rate to 
below 0.3 million tons after 2010. To understand this behavior further, we would 
have to look at the total amount of waste processed by the different methods 
through the simulation period as shown in Figure 6.8. All of the waste processing 














Figure 6.8 BAU: Waste treatment by processing method (Million Tons) 
From Figure 6.8, we can also observe that the current incineration capacity will 
not be breached under this scenario given the current capacity of 2.94 million tons 
yearly. This has been due to a diversion of waste to the alternative waste treatment 
processes such as that of recycling and anaerobic digesting as well as an 
assumption of constant population after 2010. 
The model predicts that the peak performance in terms of greenhouse gas 
emissions, of the ISWM Singapore will eventually be reached and further policy 
measures are needed to further improve the situation. An important thing to note 
is that the ISWM as of current is still a net producer of pollutants and contribute to 
the overall emissions of the country. Hence, in later scenarios developed, we shall 
investigate if new policy scenarios can bring the ISWM to a net-zero emissions 

















6.1.4 Proportion of Electricity Needs 
Electricity is an important output of any ISWM and we seek to capture the 
contribution of this “waste-to-energy” component by comparing it to our national 
consumption needs. Figure 6.9 shows the yearly production as a proportion of 
estimated yearly electricity needs. In this simulation, population is assumed to 
stagnate at the 2010 level onwards and the assumed per capita electricity needs is 
8000 kwh per year.  
From Figure 6.9, we can see that in the business as usual situation, ISWM will 
decrease very slowly as a contributor to electricity contribution in Singapore. The 
range of 2.5-2.7% also matches with approximate figures reported in the press 
about the current contribution of ISWM to the total consumption needs of 2-3% 
[Ecobusiness, 2010]. The model forecasts that under a constant population after 
2010, the proportion of electricity needs supplied by ISWM will stabilize between 
2.5-2.55% If we want ISWM Singapore to become a more significant contributor 
of electricity, more efficient incineration technology needs to be used and more 




Figure 6.9 Scenario BAU: Proportion of Electricity Needs   
6.2 Population Scenarios 1-3 
In this section, we shall test the model under three population growth assumptions 
from the year 2010 - 2030 
1. Low growth – 0.5 % YoY 
2. Medium growth – 1% YoY 
3. High growth – 1.5% YoY 
6.2.1 Three Population Scenarios 
The three population scenarios used to examine the ISWM model is shown in 
Figure 6.10. In this set of simulations, only the population growth rate after 2010 


































 Figure 6.10 Population Scenarios (‘000s) 
6.2.2 Waste Loads on ISWM Singapore 
Using the population inputs in Figure 6.10, we simulate the model to the year 
2030 on a monthly basis to see the different waste loads on the different waste 
treatment methods.  
 






























From Figure 6.11, we see that there will be an increasing load trend on the 
incineration plans. From a Low to High population growth scenario, trends 
become steeper as growth rate increases. The current maximum capacity of 
incineration plants in Singapore is at 2.94 million tons yearly [NEA, 2011]. For 
the Low growth scenario, we expect this capacity to continue to be able to take the 
waste load even after the year 2030. The Medium growth scenario touches the 
maximum capacity by the year 2026, signaling that preparation for a new 
incineration plant must be built before the year 2026. The High growth scenario 
poses a significant problem for incineration capacity whereby max capacity will 
be breached by the year 2020. In other words, under population growth of 1.5%, 
our current incineration capacity can probably last for another 10 years or so.  
The three scenarios show that the current incineration capacity is rather robust for 
at least the next ten years to come. 
 














The amount of packaging waste recycled will increase with higher population 
growth rates. This is however based on the assumption that more recycling 
facilities and capacity will be added to cope with the increasing load added at the 
stations. If the capacity does not catch up, overcrowding effects can occur and 
bring down domestic recycling rates thus the forecast of the increase of waste 
recycling load might not increase by so much. However, with new types of 
housing estates being added, and better recycling facilities built into HDB flats, 
the increases in recycling load brought on by an increase in residents should be 
absorbed. 
 
Figure 6.13 Waste Loads for Anaerobic Digestion (million tons) 
From Figure 6.13, we also see steeper trends of increase for higher population 
growth scenarios. The current capacity of anaerobic digestion is 0.288 million 
tons per year calculated based on the reported capacity of 800 tons per day [IUT 
Global, 2010]. In both the Medium and High Scenario, the food waste recycling 














AD is thus sufficient, even with an increase in food recycling rates due to the 
increase in number of commercial agreements. Domestic food recycling rates 
requires significant policy effort and infrastructure to take off and thus will not 
have an important impact. From the model, we can see that if nothing is done to 
encourage domestic food recycling, food waste recycling will not take off with 
just an increase in the number of agreements with commercial food operators. 
There is severe underutilization of the food recycling infrastructure, and more 
needs to be done to boost this sector. 
 
Figure 6.14 Waste Loads for Aerobic Composting(million tons) 
For the loads on aerobic composting, we see only a slight increase in load from 
the low to medium scenario. Almost no change can be observed from the medium 
to high scenario as observed from Figure 6.14. 
The proportion of food waste recyclate sent to AC is rather small at only 10 
percent. Hence there will be very little increases even with higher population 














domestic level. There have been several methods of home composting reported in 
literature and this compost can be used for gardens and potted plants.  
 
Figure 6.15 Waste Loads for Landfills(million tons) 
The landfilling load trends are the higher the growth rate, the steeper the load line. 
In the medium and high scenarios, we see sharp increases in landfilling loads. 
This is because, landfills in the model are composed of Ash from incinerators plus 
the projected other waste streams that cannot be incinerated. With population 
growth and limited growth in recycling rates, the rates of incineration will grow, 
thus fueling the growth of landfilling rates. 
Landfills are tightly connected to the incineration due to the ash produced. 
Although it is already much better than direct landfilling with an 80-90 percent 
















6.2.3 Global Warming Potential 
 
Figure 6.16 Global Warming Potential in CO2-eq (million tons) 
The global warming potential of ISWM Singapore in the three population 
scenarios is shown in Figure 6.16. In the High and Medium scenario, ISWM has 
the potential to become a much greater polluter in the near future, with rates 
hitting 0.37 million tons by the year 2030 for the High scenario. 
If we leave the current state untouched, the trend of higher and higher emissions 
will continue as our population continues to grow. More policy options are needed 





















6.2.4 Landfill Years Left 
 
Figure 6.17 Number of Landfill Years Left  
The trend of landfill years left is rather robust with population change as observed 
from Figure 6.17. Under all three scenarios, the landfill capacity is left with less 
than 5 years by the end of 2030. Drastic diversion of waste from traditional burn 
























6.2.5 Proportion of Electricity Needs 
 
Figure 6.18 Electricity output as a proportion of total electricity needs 
Figure 6.18 shows the electricity output as a proportion of total electricity needs. 
The trend is the same for all three scenarios as any additional electricity output 
from incineration is absorbed by the increases in population. When there is an 
increase in population, there is also an increase in waste output and incineration 
leading to a higher electricity output. However, electricity increases with 
population increase as well, and thus absorbs any increased production. 
The next sections presents the scenarios built from varying the different factors 
that affect the waste recycling behavior of the agents in the model. Results 
obtained would be compared against a baseline scenario, which is the Medium 

















6.3 Scenario 4: Raising Awareness Efforts 
In this scenario, we shall examine the effects of raising and strengthening 
Awareness of both food waste recycling and packaging waste recycling. Within 
the model, the change in awareness efforts is effected by changing the amount of 
exposure an agent has to the publicity of waste recycling. This could be in the 
form of advertisements, posters, public campaigns etc. 
 
Figure 6.19: Increase in Awareness Efforts for Food Waste Recycling 
 






Figure 6.21: Food Waste Recycling Rates under Increased Awareness 
 
Figure 6.22: Packaging Waste Recycling Rates under Increased Awareness 
From Figures 6.21 and 6.22, we can observe that the increased in agent exposure 
to awareness efforts raises their recycling rates marginally, even though there has 
been a huge increase in awareness efforts. Running awareness campaigns and 



























efficient. From these new recycling rates, we can also observe the corresponding 
impacts on ISWM Singapore as a whole. 
This increase in rate can be explained by the causal loop diagram in the dynamic 
hypothesis: 
1. An increase in Awareness efforts brings up the basic commitment levels of 
some of the agents in the agent based model. 
2. The Social Alignment Loop continues to bring up the overall commitment 
levels of agents as the average commitment level increases 
 
3.  The counterbalancing loops from Purity Decrement as well as due to 
decreasing impact from social alignment as an agent’s commitment level 




4. Purity Decrement loop kicks in because there has been no facilities 
adjustment from although there has been an increase in real recycling 
rates, hence the overcrowding index increases. 
 


















From Figure 6.23, we observe the change in net global warming potential of the 
entire ISWM. The change in emissions due to the change in recycling rates is 
significant. This is because there is a huge absorption of CO2-eq emissions for the 
increase in packaging recycling due to the life cycle accounting method used in 
the emissions model. For example, 1 kg of plastic avoids 2.695 kg of CO2-eq 
whereas burning it produces 0.598 kg of CO2-eq. However, we see that an 
increase in Awareness efforts is unable to reverse the trend of increasing 
emissions due to population growth. The increase in awareness efforts decreases 
the emission levels from the baseline level for a period of time before resuming its 
growing trend. 
 
Figure 6.24 : Landfilling years left under Increased Awareness 
From Figure 6.24, we can observe that the landfilling years do not improve under 
this policy of increasing awareness as the amount of incineration ashes has only 















Figure 6.25: Electricity Output as a percentage of Consumption under Increased 
Awareness 
Figure 6.25 shows the electricity output as a percentage of consumption under the 
increased awareness scheme. Due to the diversion of waste from incineration to 
other methods which has a lower electricity generation potential (Recycling and 
composting do not produce electricity whereas AD produces lesser on a per ton 
















Figure 6.26: Incineration and Packaging Waste Recycling Volumes (mil tons) 
under Increased Awareness 
From Figure 6.26, we can observe that current incineration capacity of 2.96 
million tons will be exceeded by 2028. Thus, this is a delay of two years from the 
2026 expiry in the baseline scenario. 
 





























AD and AC volumes are only increased marginally due to the limited increase in 
food waste recycling rates. This shows that awareness programs for food waste 
recycling are insufficient to boost volumes. There is still heavy underutilization of 
capacity in this scenario. 
6.4 Scenario 5: Improved Recycling Facilities 
In this scenario, we increase only the number of recycling stations available for 
both food waste and packaging waste recycling. There is currently no food waste 
recycling stations and the number of recycling stations for apartment type 
residences is quite small. The change effected in the model is shown in Figures 
6.28 and 6.29. 
 





Figure 6.29: Increase in Recycling Facilities for Packaging Waste Recycling 
 















Figure 6.31: Packaging Waste Recycling Rates under Increased Facilities 
From Figures 6.30 and 6.31, we see that the increase in recycling facilities only 
achieves a small increase in packaging recycling rates whereas the food waste 
recycling rates remain unchanged. In this scenario, we have taken out the effect of 
a raise in awareness levels. From this, we can see that the behavior of the model is 
such that the awareness levels of agents must be of a certain level before an 
increase in recycling facilities can have any impact on commitment levels. The 
awareness for packaging waste recycling is sufficiently high and thus this policy 
has a positive effect on the recycling rate.  
In the agent based model, the fuzzy rules that determines the basic commitment 
level is such that when the Awareness is low, any increases in effort levels will 
not bring about a significant increase in commitment level, hence explaining the 
null effect on the food waste recycling rate. This assumption is realistic and 
logical as awareness needs to be in place first for any increase in facilities to have 

















6.5 Scenario 6: Increase Awareness And Facilities Adjustment  
In this scenario we shall combine the two policy levers illustrated in Scenarios 4 
and 5 and examine the combined impact of the ISWM. 
 
Figure 6.32: Food Recycling Rates under A+F 
 



























Using a combination of improved awareness and increasing recycling facilities, 
we obtain much quicker growth in recycling rates. Consequently, the impact on 
global warming potential, landfill years left and waste processing volumes are 
more pronounced. The results are illustrated in the figures below. 
 
Figure 6.34: Global Warming Potential under A+F 
 






























Figure 6.36: Electricity Output as a % of needs under A+F 
 
 






























Figure 6.38: Waste loads for AC and AD under A+F 
The improvements under this scenario are however still not desirable. Global 
warming potential is still an increasing trend albeit an initial decrease, land fill 
years are not improved significantly and the incineration capacity will still be 
breached by the year 2030. 
The policy options implemented here have been within practical boundaries and 
thus the projections of this scenario are typical of a classical recycling 
encouragement program. Simulation results show limited improvement of the 
ISWM situation and more radical policy levers need to be used to further motivate 
agents to separate their waste. 
6.6 Scenario 7: Garbage Bag Charge 
Garbage Bag Charge Mechanism 
In Singapore, the waste disposal fee is charged at a monthly per household level 














waste disposed. Currently, conservancy charges for HDB flats are around 5 
dollars whereas landed properties are charged 20 dollars. The current system does 
not provide an economic incentive for people to generate lesser waste nor does it 
encourage waste separation. The rubbish chuting system in HDB flats are also 
strong demotivators of waste separation as it is simply too convenient to just 
empty comingled waste down the chute.  
The Volume Based Garbage Collection Fee system aims at reducing household 
wastes by introducing economic incentive system in waste disposal. The 
government levies a garbage collection fee based on the volume of garbage 
discharged. For example, people can buy an authorized 20-litre bag in grocery and 
department stores for their comingled waste. If people use unauthorized garbage 
bags or dump waste illegally, they will be fined. These bags will then be collected 
at the comingled waste centres which will only accept authorized bags. 
To encourage recycling, the authorities can offer “free” authorized bags for 
separated waste such as for food waste and packaging waste. Households will use 
these bags for their well separated waste to be collected and avoid the use of 
prepaid bags. The recycled waste will then be collected at the recycling stations. 
In this sense, the garbage bag charge works two ways in that it produces an 
incentive to reduce the amount of waste generation and also a monetary incentive 
to encourage waste separation. 
In addition, the accumulated profits from the waste recycling industry can be used 
to provide additional monetary incentives to further motivate residents to recycle, 
using the Monetary Incentives Loop in the causal loop diagram. The disbursement 
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of the incentives is not discussed within the scope of this thesis, but one way of 
doing it could be through visible discounts in resident’s utility bills as a result of 
them recycling more. 
For this Scenario, we input the following charge depicted in Figure 6.39 over the 
simulation period and we examine the effects of such an incentive scheme on the 
ISWM. 
 
Figure 6.39: Garbage Bag Charge Schedule 
Figures 6.40 and 6.41 shows the recycling rates under the garbage bag scheme. 
Recycling rate improvements from baseline is much more pronounced under this 
policy option. Charges levied on per kg waste is comparable to the current 
conservancy charges divided by the per household waste generation and thus the 





Figure 6.40: Food Waste Recycling Rates under GBC 
 
Figure 6.41: Packaging Waste Recycling Rates under GBC 
The rate of increment in recycling rates is sustained in this scenario and we can 
see a continual growth of rates through the simulation period. This trend can be 




























1. The Monetary Incentives Loop: The garbage bag charge induces an initial 
incentive for residents to separate their waste. The Loop is then further 
strengthened as profits in the recycling industry accumulates and provide 
an additional monetary incentive to residents to further motivate them. 
 
2. As the average level of commitment increases, the Social Alignment Loop 
also kicks in, bringing up the level of commitment of those agents who 
was not as affected by the monetary incentives. 
3. Towards the end however, we see a kink in the growth trend. This is 
because in this scenario, there is no effect from the Facilities Adjustment 
Loop and this leads to an increment of the overcrowding index, bringing 
into effect from the Purity Decrement Loop and the decrease in purity of 




Figure 6.42: Global Warming Potential (mil tons CO2-eq) under GBC 
Under the garbage bag charge mechanism, we can see that the policy successfully 
reverses the trend of an increment in emissions from the ISWM. There is a 
sustained decrement over the period of the simulation, instead of just an initial 
decrease as we see in the previous scenarios. 
 




























There is a slight improvement of the number of landfill years left under this 
mechanism. The limited effect is because there is still a large volume of waste 
sent to the landfills. These are waste that cannot be processed by any of the 
recycling technologies available. Also, although there is reduced incineration, and 
hence the amount of ash, the amount is still significant and it continues to 
decrease our landfill capacity. 
 
 
Figure 6.44: Electricity Output as a percentage of need under GBC 
Due to a large diversion of waste from incineration to recycling, the amount of 
electricity produced decreases and hence there is a significant decrease in 

















Figure 6.45: Incineration and Packaging Recycling Loads (mil tons) under GBC 
From Figure 6.45, we see that incineration volume is kept within capacity over the 
simulation period, hence there is no need to construct additional incineration 
plants over the next 20 years. The trend however is still an increasing one. This is 
because there is a part of waste that grows according to population and this waste 




















Figure 6.46: AD and AC Recycling Loads (mil tons) under GBC 
Figure 6.46 shows the change in loads over time in AD and AC under the garbage 
bag charge mechanism. 
6.7 Scenario 8: Garbage bag charge, Increase Awareness and Facilities 
Adjustment 
In this scenario, we implement all the policy options discussed in this thesis and 
juxtapose some of the scenarios against each other for analysis. The garbage bag 

















Figure 6.47: Food Waste Recycling Rates Comparisons 
 
Figure 6.48: Packaging Waste Recycling Rates Comparison 
In terms of recycling rates, in the first three scenarios, we see an initial increment 
followed by a plateau due to the limits to growth explained in previous analyses. 
In the latter two scenarios, recycling rates follow a sustained growth trend through 































Incentives Loop as well as a corresponding Facilities Adjustment Loop to 
overcome an increase in the overcrowding index which would bring down the 
purity of the waste recycled. 
 
Figure 6.49: Global Warming Potential Comparison 
Comparing the Global Warming Potential, mitigation of the emissions problem is 
achieved in the later two scenarios when the garbage bag charge is implemented. 
In the last scenario, we can observe a dramatic decrement in emissions, 
demonstrating the potential for ISWM to become even a net negative emissions 





















Figure 6.50: Landfill Years Left Comparison 
The landfill situation is hard to reverse. Even with the exercise of all policy 
options, landfill exhaustion is inevitable. This thus motivates us to consider more 
alternatives than landfilling such as shipping overseas bulky unincinerable waste, 
or making use of incineration ash to make roads [NEA, 2011] 
 
































Under Scenarios 7 and 8, there is no need for the addition of new incineration 
plants over the next 20 years. However, the policies implemented are not enough 
to reverse the growth trend, hence eventually there will still be a need to increase 
the capacity to handle more incineration of waste. In Scenarios 4,5,6, we achieve a 
delay in the expansion capacity for about 3-5 years. 
6.8 Summary of Results 
In this section, we shall provide the broad strokes of the analysis done in the 
scenarios. 
1. Awareness Efforts needs to be coupled with the Facilities Adjustment 
Loop to have a visible impact on recycling rates 
2. The Monetary Incentives Loop using the garbage charge mechanism in our 
case, is an effective way of reversing the trends of Global Warming 
Potential due to the growth in population size. In fact, ISWM has the 
potential to be a net negative emissions producer when a certain level of 
recycling rates is achieved. 
3. The landfill capacity problem is a difficult problem to reverse. Even with 
the combination of all the policy options conceived in this thesis, we are 
unable to slow down the decrement of landfill space. More technological 
options need to be explored, such as shipping unincinerable waste 
overseas or converting incineration ash to other usable products 
4. Similarly, the trend of growth in incineration volumes will be hard to 
reverse as population grows. We can delay the need of expansion by some 
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years as shown in the scenarios but eventually there is still a need for an 
expansion in capacity. 
5. In all of the scenarios, current food recycling capacities and packaging 
waste capacities remain sufficient to handle the projected loads. This also 




Chapter 7: Conclusion 
7.1 Summary  
ISWM planning is a large scale and complex problem. Policymakers are in need 
of a decision support tool to help them understand and keep track of the processes 
and factors guiding system behavior. In this thesis, System Dynamics modeling 
was identified as a highly suitable tool for the modeling of ISWM. However, 
some certain salient features of ISWM, in particular that of social behavior as well 
as environmental impact accounting needs to be modeled using other modeling 
methodologies.  
 
The incorporation of other methodologies inevitably brings forth the question of 
whether it should be developed on a single simulation platform or across different 
platforms. This thesis argues that as a policy planning tool, the modeling should 
be kept intuitive and the use of the methodology kept to an acceptable difficulty 
for the modeler. 
 
A hybrid modeling approach was thus developed. Examples were presented to 
show we can enrich classical system dynamics modeling with Agent Based 
Modeling and Fuzzy Inference Systems to capture micro decision making of 
individuals. 
 
A case study was introduced of an integrated solid waste management system of 
Singapore on which a dynamic hypothesis was proposed. A simulation model was 
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then developed using the proposed hybrid methodology. Modeling was confined 
to a single platform, systems dynamic simulation software, IThink.  
Scenarios were then examined using the model and several insights were gleaned 
that would be useful for a policymaker of an ISWM. 
 
7.2 Contributions 
Firstly, a novel hybrid modeling methodology was developed for a system 
dynamics modeling platform. This methodology allows a rich modeling and 
analysis of a socio-technical system such as that of an ISWM, a feature that was 
not achievable with classical system dynamics modeling. The framework was also 
kept accessible and intuitive and thus allow for easy model construction that can 
quickly become an important decision support tool for policymakers. 
Secondly, a hypothesis of the structure of ISWM Singapore was proposed and 
validated using historical data. Scenario analysis can then be carried out to study 
the system behavior. The simulation model developed also provides a basis and 
framework for the construction of models for similar systems.  
Lastly, policy makers may be interested in the knowledge gained about the system 
structure. Each component of an ISWM has its own stakeholders and decision 
makers. Hence, insight about the system structure may shed light on how their 
separate actions and decisions often affect one another. Desired outcomes of well-
intended policies are often undermined by unintended consequences that arise as a 
result of system structure. Modelling allows the uncovering of such system 
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structures and thus can lead to more effective policies such as through 
collaborations between policymakers and industry. 
7.3 Suggestions for Future Research 
1. Distinction between commitment from environmental awareness and 
incentivized commitment 
In our model of waste separation behavior, distinction was not made between 
commitment resulting from incentives and commitment resulting from a greater 
level of environmental awareness and knowledge. Such a distinction might allow 
us to foster policies targeted at each type of motivation. 
2. Extensive surveys on the motivators of recycling behavior and deriving the 
membership functions from them 
The membership functions of the fuzzy inference systems can be better set by 
conducting extensive surveys. The data collected can be used to trained the FIS 
and the approximated behavior can be held with greater confidence that projected 
rates are good policy guidance. 
In this thesis, membership functions have largely been approximated as logically 
as possible. Even though the output behaviour, primarily the recycling rates, has 
been validated with historical data, the future projections of the model cannot be 
considered as accurate forecasts. However, in the context of comparing different 
policy scenarios, the validated model in this thesis still provides very high utility 
in analysis and insight. 
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3. Simulation by municipalities as well as distributed composting centers can be 
investigated to assess the feasibility of  
In this simulation model, the recycling infrastructure has been assumed to be 
centrally collected and processed. Other scenarios such as localized composting 
sectors whereby each municipality has a composting centre to generate electricity 
and compost for use in that sector, can be explored. Such dynamics would be 
largely different from a centralized view, as the heterogeneous properties of each 
sector such as population composition has to be taken into account. 
4. Economic Considerations 
The economic considerations and calculations should be considered as part of the 
evaluation of waste management policies. Waste management outcomes can be 
calculated in monetary terms and compared with the infrastructural cost involved 
in making that policy change. That can then provide the basis of a sound cost 
benefit analysis, to present the full picture of policy evaluations. In the scope of 
this thesis, we have already evaluated against other metrics stated in the text and 
uncovered much insight, hence, an added economic dimension to the evaluation 
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Figure A.1: System Dynamics Model of ISWM Singapore 
A high level view of the system dynamics model is presented in this appendix. 
Each of the subsystems has been detailed within the main text. Here, we provide 
the figure reference to the detailed implementations.  
Table A.1 Figure References for Subsystems 
SubSystem Figure 
Recycling Rates Fuzzy Inference SubSystems 5.9 
Waste Generation SubSystems 5.1 
Waste Flow SubSystems 5.10 /5.11 
Incineration SubSystem 5.12 
Anaerobic Digestion/Aerobic Composting Subsystem 5.13 
Landfill Subsystem 5.14 
Emissions SubSystem 5.16 
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